Introduction
Most drugs currently used against cancer are anti-proliferative, targeting various steps in the cell division process. A major downside to anti-proliferative chemotherapies is that they target all dividing cells, both malignant and healthy, thus strong detrimental side effects are common. Finding treatments that directly and selectively target cancer cells is a priority in cancer research.
An example of a drug capable of directly and selectively inducing cancer cell death is edelfosine (1-O-octadecyl-2-O-methylrac-glycero-3-phosphocholine, ET-18-OCH 3 ). 1 Edelfosine is an alkyl-lysophospholipid analog and the prototype molecule of a family of synthetic compounds collectively known as antitumor lipids (ATLs) or alkylphospholipid analogs (APLs). [1] [2] [3] ATLs act on cell membranes rather than on DNA.
2,4,5 They have amphipathic structures that resemble those of phospholipids and they are incorporated preferentially in tumor cells, [6] [7] [8] thus apparently displaying selectivity to tumor cell membranes. 1 This selectivity has been shown to depend, at least in part, on the accumulation of the drug in the cholesterol-rich lipid rafts of cancer cell membranes. 6, 9, 10 Once ATLs incorporate into tumor cells, they induce signaling events that lead to cancer cell death by apoptosis. 3, 4 ATLs have been shown to act through different signaling pathways in different tumor cell types. Haematopoietic cancer cells incorporate edelfosine in cholesterol-rich lipid rafts, which in turn leads to the recruitment and clustering of the Fas/CD95 death receptor in lipid rafts, and triggers the activation of the extrinsic apoptotic pathway 4, 6, 7, [9] [10] [11] [12] [13] [14] Edelfosine incorporation in lipid rafts elicits local accumulation of apoptotic molecules in lipid rafts, altering the apoptosis versus survival signaling balance. 6, 7, 11, 12, 15, 16 In a number of solid tumors ATLs can promote endoplasmic reticulum stress response, which triggers apoptosis. [17] [18] [19] ATLs have also been shown to inhibit phosphatidylcholine biosynthesis, which can eventually lead to cell cycle arrest and apoptosis. [18] [19] [20] [21] [22] So far the clinical applications of ATLs in cancer therapy have been limited to the use of edelfosine in the purging of the bone marrow in acute leukemia and the use of miltefosine as topical treatment of skin metastases of breast cancer and cutaneous lymphoma. [23] [24] [25] [26] Other ATLs with potential clinical applications are erucylphosphocholine, which shows promise for brain tumor treatment, and perifosine, which is currently in clinical trials. 27, 28 Recently, combined therapies using ATLs as well as traditional chemotherapies or radiotherapies have shown preliminary promising results. 29, 30 The factors that confer ATL selectivity to cancer cells and the molecular mechanisms that lead to cancer cell death are not yet well understood. Unveiling such mechanisms as well as understanding why some tumors are more sensitive than others to ATL treatment could lead to the development of more and improved clinical applications of ATLs as anticancer chemotherapy drugs.
Using tumor tissue culture cell lines or murine models to study the ATL mechanism of action is technically challenging. Simpler model organisms can be very useful to uncover general aspects of the molecular mechanism elicited by ATL treatment. For example, Saccharomyces cerevisae was recently used in chemogenomic screens that identified edelfosine resistant and sensitive mutants involved in drug uptake and cytotoxicity. 31, 32 However, unicellular models like S. cerevisiae have limitations because a fundamental aspect of ATL research is understanding what causes specificity of these drugs to cancer cells but not to healthy cells. A simple laboratory model that could recreate the ATL selective killing of cancer cells while sparing healthy cells would be ideal to determine why ATLs display this selectivity and how cancer cells die when treated with these synthetic lipids. In this paper we modeled the nematode C. elegans to use it in ATL research. C. elegans, which consists of 959 cells grouped into differentiated tissues, 33 is extensively used as a model in cancer research, and has played a crucial role in the understanding of the mechanism of action of cancer altered pathways such as apoptosis, Ras, Notch, AKT, etc. [34] [35] [36] [37] [38] [39] Here we report that edelfosine treatment of the nematode C. elegans induces a selective lethal effect to embryonic cells without causing adverse effects to the worm. As described for some haematopoietic tumor cells, 9, 10 we show that edelfosine activity in C. elegans depends, at least partially, on cholesterol. We also show that the relative efficiency of different ATLs in C. elegans is comparable to the efficiency of the same ATLs when used in human tumor cells. Furthermore, we demonstrate that resistance and sensitivity to edelfosine in C. elegans can be genetically regulated and that the signaling pathways involved in the mechanism of action of edelfosine can be conserved in C. elegans and human tumor tissue culture cells. Our results indicate that C. elegans can be used as a discovery platform to understand the selectivity of ATLs against cancer cells as well as to study the underlying mechanism of toxicity of ATLs.
Results
Edelfosine selectively kills C. elegans embryos without affecting the physiological integrity of the worm Edelfosine selectively kills tumor cells while sparing healthy cells. 1, 2, 4, [6] [7] [8] 10, 40 We tested the effect of edelfosine in C. elegans in order to check its suitability as a model for the study of edelfosine toxicity. We first assayed the effect of edelfosine upon larval growth and development. Synchronized arrested C. elegans L1 larvae reared on C. elegans laboratory medium (NGM) plates containing edelfosine doses of up to 62 mM grew at the same rate as control worms reared without edelfosine (Fig. 1A) . In contrast, a very high dose of edelfosine (125 mM) completely blocked both growth as well as visible foraging activity of larvae. Animals treated at this dose never progressed to later larval stages (data not shown). C. elegans L1 larvae developed to adults in the same time period independently of whether larvae had been maintained on NGM plates with 20 mM edelfosine or on control plates (Fig. 1B) . Importantly, all the edelfosine-treated L1 larvae survived development in the presence of 20 mM edelfosine (n D 155).
Since larvae treated with edelfosine did not lead to growth differences with respect to controls, we next investigated whether worms treated with edelfosine showed other physiological alterations. The elevated offspring production of C. elegans is a high energy demanding process and thus a good indicator of the physiological status of the worm. For example, C. elegans individuals with genetic and/or environmental modifications that alter their metabolism have severely reduced progeny. 41 We monitored the number of embryos produced until sperm was exhausted and unfertilized oocytes started being laid on the medium, but did not observe progeny differences between edelfosine-treated and control worms (Fig. 1C) . However, although progeny number was unaffected, edelfosine treatment led to severe embryonic lethality. Treating L4 larvae with 20 mM edelfosine led to virtually all their progeny embryos dying before embryogenesis could be completed. The embryonic lethality was also clearly noticeable using a lower dose of edelfosine (15 mM) as more than 90% of fertilized embryos died before embryogenesis could be completed (Fig. 1D) .
Altogether, these data indicate that edelfosine has a selective lethal effect to the developing embryo without affecting the overall physiological status of the worm and without causing larval developmental lethality, larval to adult growth differences, or progeny production reduction. Thus, similar to the selective killing effect of edelfosine in tumor cells, we observe a selective killing effect of edelfosine to C. elegans embryos.
Edelfosine exerts a direct killing of C. elegans embryos We wanted to investigate whether the selective edelfosine C. elegans embryonic lethality was due to a maternally induced effect by the drug or to a specific lethal effect to the embryo. We tested this using 2 approaches. Firstly, we determined at what developmental stage edelfosine leads to embryonic lethality. We synchronized worms at different stages of development and treated them with 20 mM edelfosine, a dosis that virtually kills all the embryos (Fig. 1D) . Edelfosine provoked embryonic lethality even when the drug was administered to fully developed adults that already had embryos in their uterus ( Fig. 2A) . Secondly, we pre-treated L3-L4 worms with edelfosine for 24 hours and then transferred them to plates without edelfosine. Worms were able to produce viable embryos 24 hours after discontinuing the edelfosine treatment, indicating that edelfosine embryonic lethality is not persistent upon edelfosine withdrawal (Fig. S1 ). These 2 results suggest that edelfosine-induced embryonic lethality is not caused by a maternal effect but rather by a rapid and selective effect of the drug to the developing embryo.
Edelfosine targets the first stages of embryogenesis To characterize the critical time during embryogenesis at which edelfosine induces embryonic lethality, we isolated embryos at different times of "ex-utero" development and subjected them to edelfosine treatment. Embryos at the earlier stages of "ex-utero" development were not able to survive edelfosine treatment, whereas embryos that had undergone 4.5-5 hours of "ex-utero" development started showing resistance to edelfosine, and embryos that had undergone 8-8.5 hours of "ex-utero" development were almost fully resistant to edelfosine (Fig. 2B) . The aproximately 700 cells produced during embryogenesis are generated 5-6 hours upon fertilization. 33 Therefore, edelfosine induces its selective embryonic lethality at the first stages of embryogenesis, before morphogenesis occurs and when rapid embryonic cell division takes place.
Edelfosine induces structural and morphological embryonic defects that lead to embryonic death
To understand the nature of embryonic lethality upon edelfosine treatment, we made differential interference contrast (DIC) microscopy recordings of edelfosine-treated embryos and followed their development over time until these died. Death was defined as permanent arrest of embryonic development. The recordings showed that upon edelfosine treatment embryos would undergo death at markedly different stages of embryogenesis (Fig. 3) . The recordings also revealed different types of defects from embryo to embryo preceeding their death. These include defects in morphogenesis, structural defects, and ventral enclosure defects (GEX phenotype). However, DIC microscopy A B recordings as well as multi-dimensional imaging and retrospective animated comparisons between normal and drug-affected embryos revealed that embryogenesis of edelfosine-treated embryos displayed early cleavage divisions, gastrulation, and other cell movements that were normal both, in relative timing and positioning when compared to untreated controls (Movie S1; Fig. S2 ). We also investigated whether edelfosine treatment induced supernumerary apoptotic events during embryogenesis.
To do this, we analyzed the 13 apoptosis events that take place in the lineage of AB (the anterior blastomere of the 2 cell stage embryo) in 2 edelfosine-treated embryos that developed after the first round of cell death took place. We did not observe abnormal apoptotic events (data not shown). Apoptotic cells underwent all the characteristic steps of typical C. elegans apoptosis (asymmetric division, condensation, engulfment and clearance). In summary, the microscopy recordings showed that edelfosine-treated embryos developed normally up to the point that suffered a sudden lethal crisis, which could appear at different times during embryogenesis. Once this lethal crisis occured both, cell divisions and normal developmental cell movements ceased and various types of embryonic defects were perceived.
Long-term exposure of edelfosine to C. elegans can provoke detrimental effects
Edelfosine exerts a rapid and selective effect on early developing embryos without causing physiological alterations or other apparent phenotypes to larvae and adults. We wanted to investigate whether long-term edelfosine exposure would cause detrimental side effects to worms. We maintained worms from the point they became L4 larvae on NGM plates supplemented with various doses of edelfosine, and observed that while edelfosine did not produce detrimental effects during the first days of age, doses above 5 mM edelfosine caused an overall life span decrease, which was directly proportional to the edelfosine dose used (Fig. S3) . We also subjected arrested starved L1 larvae to different concentrations of edelfosine during 5 d and quantified the percentage of larvae surviving the treatment. Edelfosine doses higher than 5 mM and up to 20 mM of edelfosine displayed a moderate yet significant decrease in the viability of starved L1 larvae. However, edelfosine doses of 40 mM and above led to a low degree of larval survival (Fig. S4) . These data indicate that although short-term edelfosine treatment has a rapid and selective effect over early developing embryos without causing apparent negative phenotypes, long-term edelfosine exposure can lead to detrimental side effects in worms.
Edelfosine-induced embryonic lethality depends on cholesterol
There is evidence indicating that edelfosine selectivity to haematopoietic cancer cells can be mediated by cholesterol enrichment in cancer cell membrane lipid rafts. 9, 10 Additionally, biophysics studies have demonstrated a strong affinity of edelfosine for sterols. 9, 42 On these grounds, we wanted to investigate the importance of cholesterol in mediating the edelfosine selective lethality to C. elegans embryos. C. elegans cannot synthesize cholesterol de novo, 43, 44 thus standard NGM needs to be supplemented with cholesterol. 45 Matyash et al. reported that yolk proteins are transported into the oocyte along with large amounts of cholesterol, making the C. elegans embryo very enriched in cholesterol. 46 One possibility is that edelfosine might interact with the large amounts of cholesterol stored in the embryo, thus affecting the normal functioning of embryonic cells, which in turn could lead to embryonic lethality. We tested this possibility by adding high concentrations of cholesterol to the C. elegans NGM plates as well as by eliminating the cholesterol from the NGM plates.
As mentioned above, edelfosine has a high affinity for cholesterol. 9, 42 Thus, NGM prepared with abundant cholesterol should buffer a large number of edelfosine molecules before these could exert their effect to the embryos. Therefore a high concentration of cholesterol in the NGM should lead to a reduction of embryonic lethality upon edelfosine treatment. Conversely, NGM plates lacking cholesterol should lead to higher edelfosineinduced embryonic lethality as the edelfosine would not be buffered by the NGM. Therefore, a given dose of edelfosine should lead to a higher embryonic lethality when worms were treated on NGM plates lacking cholesterol.
We added different edelfosine concentrations to NGM plates that lacked cholesterol and showed that indeed the edelfosine dose that caused 50% of embryonic lethality (LD 50 ) diminished from 12.4 mM when using standard cholesterol-supplemented (5 mg/ml) NGM plates to 3.8 mM when using NGM plates without cholesterol. Consistently, increasing the concentration of cholesterol in the NGM plates (from 5 mg/ml to 20 mg/ml) led to an almost 3-fold increase in the edelfosine dose needed to reach the LD 50 (Fig. 4A) . The decreased longevity of worms treated with edelfosine was not fully rescued when NGM plates were supplemented with a high concentration of cholesterol (Fig. S5) . These results indicate a strong affinity between edelfosine and cholesterol and suggest an interaction with the cholesterol stored in the embryo.
It has been reported for human tumor cell lines that cholesterol sequestration by methyl-b-cyclodextrin (MCD) inhibits edelfosine-induced apoptosis. 7, 10, 11 If embryonic cholesterol is important in mediating the edelfosine-induced embryonic lethality, then MCD cholesterol sequestration in the worm should lead to inhibition of edelfosine-induced embryonic lethality. We cultured L3-L4 larvae in plates containing either MCD, edelfosine, or edelfosine as well as MCD. As expected, embryos from edelfosine-treated worms did not survive. However, embryos from worms treated with edelfosine in combination with MCD were able to survive (Fig. 4B) . Molting of C. elegans through the different larval stages requires cholesterol as the biosynthetic precursor of steroid hormones involved in this process. 47 Progeny of MCD-treated worms arrested growth at different larval stages (Fig. S6) , indicating that MCD is indeed sequestering cholesterol in C. elegans. Altogether the data indicate that, similar to the edelfosine dependance of cholesterol in mediating the killing of tumor cells, embryonic cholesterol is determinant in mediating edelfosine-induced embryonic lethality.
Comparative affinity of edelfosine for lipid-rafts lipids As indicated above, cholesterol is an essential component of lipid rafts and it has been shown to play an important role for A B Table S1 for details). edelfosine to exert selective killing of tumor cells 7, 10, 11 as well as C. elegans embryonic lethality (Fig. 4) . We wanted to investigate whether other lipidic components of lipid rafts such as sphingomyelin and ganglioside GM-1 might also be important in mediating edelfosine selective cellular killing. If other components of lipid rafts were important for the edelfosine selectivity, we would expect edelfosine to have a strong affinity for them. We compared the affinity of edelfosine for sphingomyelin and ganglioside GM-1 with respect to the affinity of edelfosine for cholesterol. We also compared the affinity of edelfosine for phosphatidylcholine, the most abundant phospholipid of biological membranes. To do this, we prepared NGM plates lacking cholesterol and added either sphingomyelin, ganglioside GM-1, or phosphatidylcholine without or with different concentrations of edelfosine. The higher affinity edelfosine displayed for one of these components, the more buffered the edelfosine would be by its presence in the culture plate, and thus the less embryonic lethality we should observe for a given dosis of edelfosine. According to our assay, we observed a poor affinity of edelfosine for phosphatidylcholine and sphingomyelin, whereas the affinity for ganglioside GM-1 was much higher (Fig. 5) . After adjusting by number of molecules per gram of compound, we determined that edelfosine had 1.4-, 6.8-, and 9-fold less affinity to ganglioside GM-1, phosphatidylcholine and sphingomyelin, respectively, than the affinity to cholesterol.
Comparative efficiency of different ATLs
Edelfosine is the prototype member of the ATL family of synthetic lipids, however 3 other analogs, perifosine, miltefosine and erucylphosphocholine, are also actively studied as putative clinically relevant drugs. 27, 29 We wanted to compare the relative efficiency of these 4 ATLs in inducing C. elegans embryonic lethality to assess whether their efficiency is similar to that observed in tumor cells. We compared the efficiency of the above ATLs using standard C. elegans NGM plates and showed that edelfosine and perifosine were more efficient than erucylphosphocholine and much more than miltefosine in inducing embryonic lethality (Fig. 6A) . This mimicked the differential sensitivity to those ATLs observed in various tumor cell lines. 17, 40 Miltefosine has less affinity to cholesterol than other ATLs We used C. elegans to investigate the efficiency of the 4 ATL analogs when cholesterol is absent from the media. As explained earlier, edelfosine has a strong affinity for cholesterol 9, 42 (Fig. 4) , thus we wanted to study whether the other ATLs had a similar degree of affinity for cholesterol. We found that when using NGM plates without cholesterol we needed a much lower dose of edelfosine, perifosine or erucylphosphocholine to induce the same degree of embryonic lethality (Fig. 6B ) than the dose we needed when the media was supplemented with cholesterol ( Fig. 6A) . Specifically, we found that the lethal dose to reach 50% of embryonic lethality (LD 50 ) when using NMG plates with or without cholesterol for the case of edelfosine, perifosine and erucylphosphocholine was 3.2-, 2.5-and 3.3-fold lower for each ATL, respectively. However, in the case of miltefosine we only needed 40% more drug to obtain the same LD 50 when using NGM plates with cholesterol vs. NGM plates without cholesterol (Figs. 6A and B; Table 1 ). We also compared the LD 50 of miltefosine and edelfosine when using NGM plates with a very high concentration of cholesterol (20 mg/ml) and plates without cholesterol, and observed an 8.9-fold difference in the case of edelfosine but only 2-fold difference in the case of miltefosine (Fig. S7) . These results indicate that miltefosine has less Table S2 for details).
affinity to cholesterol than the other ATLs tested, and suggests that its activity is not as dependent on cholesterol as the other ATLs. We tested whether miltefosine activity was also less cholesteroldependent in human tumor cells. As mentioned above, MCD inhibits edelfosine-induced apoptosis. 7, 10, 11 We treated human tumor Z-138 cells with edelfosine or miltefosine and observed that, as expected, in the presence of MCD there was inhibition of edelfosine-induced apoptosis. However, the apoptotic activity of miltefosine in the presence of MCD was not significantly inhibited (Fig. 6C) . A lower MCD concentration and shorter incubation times led to comparable results (Fig. S8) demonstrating that as observed in C. elegans, miltefosine activity in human cancer cells does not depend on cholesterol as much as edelfosine activity does.
Comparative toxicity of edelfosine to miltefosine and perifosine
Our results from C. elegans embryonic lethality indicate that edelfosine is the most efficient ATL. This result is consistent with what has been observed in the great majority of human tumor cell lines tested. 10, 17, 40 Since less edelfosine than other ATLs is needed to induce the same effect, we wanted to test whether the relative toxicity of edelfosine compared to miltefosine and to perifosine is also lower. To do this, we synchronized worm populations and cultured them on NGM plates during their whole lives after adding either edelfosine, miltefosine or perifosine at their respective embryonic LD 50 -inducing doses. We did not observe major differences in the life span of worms when these were treated with either ATL (Fig. 6D) , indicating that the degree of toxicity for a given functional dose was similar for the 3 ATLs.
Screening of C. elegans mutants with sensitivity and resistance to edelfosine
As a proof of principle to validate that edelfosine-induced embryonic lethality in C. elegans can be genetically regulated and that the signaling pathways involved in the mechanism of action of edelfosine can be conserved in C. elegans and human tumor cells, we performed a small-scale biased screening to find C. elegans mutants with resistance and sensitivity to the embryonic lethality induced by edelfosine.
We selected 57 C. elegans strains of mutants with potential involvement in mediating ATL-induced embryonic lethality. The mutants belonged to the following categories: cholesterol transport; longevity; proteins associated to C. elegans lipid rafts; sphingolipid biosynthesis; homologs of Saccharomyces cerevisae gene deletions that induce sensitivity and resistance to edelfosine; apoptosis; and stress response ( Table 2) .
To screen for mutants with resistance and sensitivity to edelfosine we used standard NGM plates supplemented with either 20 mM or 10 mM of edelfosine. 20 mM was used because it is the minimal edelfosine dose that yields to virtually complete Table S3 for details). (B) Percentage of surviving embryos laid by worms treated with different concentrations of ATLs when NGM plates are prepared without cholesterol. Each data point represents the mean values § SD of at least 3 independent experiments (see Table S4 for details). (C) Edelfosine versus miltefosine-induced apoptosis of human tumor Z-138 cells in the presence or absence of the cholesterol sequester methylb-cyclodextrin. Z-138 cells were untreated or pretreated with 2.5 mg/ml MCD and then incubated in the absence or in the presence of 10 mM edelfosine or 40 mM miltefosine for 24 hours. The percentage of apoptotic cells was determined by flow cytometry. Data shown are means § SD of tree independent experiments (**P < 0.01, Student's t test). (D) Lifespan curves for worms treated with edelfosine, perifosine or miltefosine compared to control (untreated) worms. Life spans were done at 20 C and using standard NGM plates supplemented with the respective ATL at the following concentrations: perifosine D 17.5 mM; edelfosine D 12.4 mM; and miltefosine D 52 mM (see Table S5 for details). y-axis indicates % of worms that are alive. x-axis indicates day of adulthood.
www.landesbioscience.comembryonic lethality, and 10 mM because it is the minimal dose that induces a significantly noticeable embryonic lethality (see Fig. 1D and Table 2) .
Under control conditions, many mutant strains displayed a lower embryonic survival rate than that of wild type worms, therefore we normalized the screening results obtained for each strain relative to their percentage of embryonic survival when edelfosine was not used. As controls we performed 6 independent embryonic survival experiments treating wild type N2 worms with 0 mM, 10 mM and 20 mM of edelfosine. We used the N2 control results to set up the cut-off threshold for the selection of the resistant as well as the sensitive mutant strains. Specifically, we used the normalized embryonic survival average induced upon 10 mM and 20 mM edelfosine treatment of the 6 control experiments plus and minus 3 standard deviations as the confidence interval to select mutant strains with resistance or sensitivity to edelfosine, respectively. From the 57 mutant strains tested, we found 8 that showed resistance and 12 that showed sensitivity to edelfosine ( Table 2 ). The resistant strains include 3 components of the insulin/IGF-1-like signaling pathway (daf-2, pdk-1, akt-1);
35 the stress response genes hsf-1 and daf-21 48 (daf-21 is also a lipid raft associated protein); 49 the drug uptake related gene apc-10; 31 the vacuolar sorting gene vps-35; 31 and the apoptosis activator egl-1. 36 The sensitive strains include the embryonic cholesterol transporter rme-2;
46 the longevity genes isp-1 and eat-2; the protein associated to lipid rafts tre-3;
49 the phospholipase D pld-1 gene; the apoptosis factors ced-3 and ced-4;
36 the heat-shock response gene hsp-12.6; 48 and the vesicular traffic homologs from the edelfosine-induced S. cerevisae toxicity gene deletion screening ZK370.3, hum-1, vps-52, and max-2.
31,32
Inhibition of the insulin/IGF-1 signaling pathway leads to edelfosine resistance in C. elegans as well as in human tumor cells
Three of the 8 mutant strains that displayed resistance to edelfosine were components of the IIS pathway. These include the daf-2 insulin-like growth factor 1 receptor and the serine-threonine protein kinases pdk-1 and akt-1. 35 For the remainder of this work we focused our attention on the IIS pathway in conferring edelfosine resistance.
We first verified that loss of function of these genes indeed led to edelfosine-induced embryonic lethality resistance. We tested 3 independent pdk-1 mutant alleles, pdk-1(sa680), pdk-1(sa709), and pdk-1(mg142), which had previously been characterized as a strong loss of function, a weaker loss of function, and gain of function allele, respectively. 50 pdk-1(sa680) worms (strongest loss of function allele) displayed a greater edelfosine resistance than pdk-1(sa709) worms (weaker loss of function allele), whereas pdk-1(mg142) worms (gain of function allele) were as sensitive to edelfosine as wild type worms (Fig. 7A) . To verify that akt-1 mutants were resistant to edelfosine, we tested 4 independent akt-1 mutant alleles including 3 loss of function alleles, akt-1 (mg306), akt-1(ok525), akt-1(sa573), and a gain of function allele, akt-1(mg144).
51-53 The 3 akt-1 loss of function strains led to edelfosine-induced embryonic lethality resistance. However, the akt-1 gain of function strain did not show differences with respect to wild type control embryonic lethality when worms were subjected to edelfosine treatment (Fig. 7A) . In summary, these results confirm that loss of function of daf-2, pdk-1 and akt-1 led to resistance against edelfosine-induced embryonic lethality, which indicates a role of the IIS pathway in mediating the effect of edelfosine in C. elegans.
The IIS pathway is well conserved from C. elegans to humans. 35 In C. elegans this pathway is crucial in the regulation of many biological responses ranging from growth and development to stress response and longevity. In humans, the IIS pathway serine/threonine protein kinase Akt is deregulated in a large number of cancers. 35 Since loss of function of Akt activity in C. elegans led to edelfosine-induced embryonic lethality resistance, we wanted to test whether inhibition of Akt signaling in human tumor cells resulted in cells becoming resistant to edelfosine. To test this, we used the Z-138 mantle cell lymphoma human tumor cell line, which is known to have deregulated Akt activity. 15 We treated the tumor culture cells with 3 different Akt inhibitors (Akti-1/2, Akti-III, and Akti-X), which inhibited Akt phosphorylation (Fig. S9) and showed that edelfosine diminished its apoptotic activity when Akt signaling was pharmacologically inhibited ( Fig. 7B to D; Fig. S10) .
Altogether these data demonstrate that the mechanism of action of edelfosine-induced embryonic lethality in C. elegans or in human tumor cells depends on the IIS pathway. Furthermore, these data are a proof of principle that the mechanisms driving embryonic lethality in C. elegans upon ATL treatment can be extrapolated to human models to understand how ATLs induce selective apoptosis of cancer cells. 
Discussion
Edelfosine and other ATLs are of great interest as potential novel anticancer chemotherapy agents. [2] [3] [4] 27 These synthetic lipids selectively recognize and kill cancer cells while sparing healthy cells. [6] [7] [8] Their selectivity against cancer cells makes ATLs an attractive class of antitumor molecules. However, their mechanism of action including the factors that confer specificity against tumor cells and the molecular pathways that lead to the death of the tumor cells remains to be fully elucidated. In this paper we present a C. elegans paradigm that can facilitate the study of the mechanism of action of ATLs.
Edelfosine and other ATLs selectively kill C. elegans embryos without causing short-term damage to the developing larvae or the adult worm. The selective embryonic lethality of edelfosine in C. elegans resembles the selective effect of edelfosine against cancer cells. What confers the edelfosine selectivity against C. elegans embryos? It has been shown that cholesterol, a fundamental component of cellular membrane microdomains or lipid rafts, plays an important role in the proapoptotic action of edelfosine against tumor cells. 7, 10, 11 In the case of C. elegans, we showed that cholesterol also plays a fundamental role in the edelfosine selectivity against embryos. C. elegans cannot synthesize cholesterol, thus they need to take it from the environment. C. elegans embryos accumulate large amounts of cholesterol via specific LDL-like receptor-mediated endocytosis. 46, 54 Indeed, visualization of cholesterol in the worm body revealed that the embryo accumulates the largest concentration of cholesterol in the animal. 46 The embryonic cholesterol would serve as a reservoir of this essential structural component for the abundant membranes that will subsequently be generated in the embryogenesis rapid cell divisions. 46 Edelfosine has a strong affinity for cholesterol, 9,42 therefore we propose that edelfosine would interact with the abundant embryonic cholesterol. Edelfosine would accumulate in the embryo until reaching a critical point whereby morphological and structural embryonic alterations would occur, which in turn would lead to developmental arrest and embryonic lethality.
Miltefosine-induced embryonic lethality did not depend on cholesterol as much as edelfosine, perifosine or erucylphosphocholine-induced embryonic lethality. We also observed a lower dependence of miltefosine for cholesterol in human tumor cells, which suggests differences in the mechanism of action of miltefosine with respect to other ATLs. In addition to the affinity between edelfosine and cholesterol, our data indicate that edelfosine has also a strong affinity to the ganglioside GM-1, a glycolipid that accumulates in lipid rafts and whose concentration in tumor membranes is often altered. 55 Interestingly, recent biophysical studies using binary mixed monolayers reported that edelfosine displayed a strong affinity to ganglioside GM-1. 56 Thus, ganglioside GM-1 could play a role in the selective recognition of tumor cells by edelfosine and other ATLs.
Our small-scale C. elegans screening demonstrated that, as it is the case for tumor cells, resistance and sensitivity to edelfosine in C. elegans can be genetically regulated. We showed that inhibition of the same signaling pathway in C. elegans and human tumor cells led to resistance to edelfosine. Loss of function of different components of the IIS pathway in C. elegans led to edelfosine-induced embryonic lethality resistance. Moreover, pharmacological inhibition of the key IIS intermediary Akt in tumor culture cells also led to resistance against edelfosineinduced apoptosis. It was recently shown that ATL treatment of mantle cell lymphoma cells displaced Akt as well as other kinases from lipid rafts.
15 This ATL-induced lipid raft reorganization altered the PI3K/AKT signaling of the tumor cells and led to their death. 15 Therefore, raft-mediated PI3K/Akt signaling appears to play an important role in the ATL mechanism of action of at least some tumor types. Because IIS and Akt signaling are highly conserved in C. elegans and humans, 35 the worm model is perfectly suitable to better understand the role of these signaling pathways in the mechanism of ATL chemotherapy.
Another mutant strain that showed resistance to edelfosine in our screening was daf-21(p673). DAF-21 is a member of the Hsp90 family of molecular chaperones 57 and associates to lipid rafts. 49 Interestingly, pharmacological inhibition of Hsp90 made human leukemic cells more resistant to edelfosine-induced apoptosis. 58 Although the mechanism by which inactivation of DAF-21/Hsp90 leads to edelfosine resistance is not fully understood, it appears to be functioning similarly in both C. elegans embryos as well as in human tumor cells.
Other worm mutant strains that promoted resistance to edelfosine involved genes that function in stress response (hsf-1), vesicular trafficking (vps-35), drug uptake (apc-10), and apoptosis (egl-1). Vesicular trafficking and drug uptake had previously been shown to play a central role in ATL-induced cytotoxicity in S. cerevisiae. 31 Additionally, worm mutants of vesicular traffic homologs from a edelfosine-induced S. cerevisae toxicity gene deletion screening 31 (ZK370.3, hum-1, vps-52, and max-2) were sensitive to edelfosine. Thus, in total, 25% of the worm strains that showed resistance or sensitivity to edelfosine in our screening were mutants of genes involved in vesicular trafficking, what supports the involvement of these cellular pathways in the mechanism of action of ATLs.
A strain with high sensitivity to edelfosine was the yolk receptor mutant rme-2(b1008), a receptor critical for the endocytosis of vitellogenins and cholesterol into the oocyte. 54 rme-2(b1008) embryos accumulate considerable less cholesterol, which severely affects their survival. 46 Thus, the sensitivity of rme-2(b1008) embryos to edelfosine may be a consequence of the strong affinity of edelfosine to the little cholesterol left in these embryos. rme-2 embryos treated with edelfosine would have no available cholesterol for their new developing embryonic membranes, which would enhance their embryonic lethality.
In summary, using previous knowledge of the mechanism of action of ATLs in tumor cells, we found analogous results in C. elegans. These include the cellular selectivity of ATLs, the ATL dependance on cholesterol, and the similar efficiency of different ATLs in their killing response. Likewise, the results obtained in C. elegans led us to similar results in human tumor cells such as the involvement of the IIS pathway in the ATL mechanism of action or the lower dependence of cholesterol for miltefosine activity.
Because C. elegans embryonic lethality and tumor cell killing induced upon ATL treatment display many important similarities, we propose the use of C. elegans as a bona fide model to study the mechanism of action of ATLs. The simplicity of performing genome-wide screenings in C. elegans combined with its powerful genetic and molecular tools makes C. elegans a simple discovery platform to better understand the mechanism of action of ATLs as novel antitumor chemotherapy agents.
Materials and Methods
Reagents Edelfosine (R. Berchtold, Biochemisches Labor, Bern, Switzerland); perifosine and erucylphosphocholine (Zentaris, Frankfurt, Germany); and miltefosine (Calbiochem, Cambridge, MA, USA) were prepared as 4 mM stock solutions in distilled water. Methyl-b-cyclodextrin (Sigma, St. Louis, MO, USA) was prepared as 200 mg/ml stock solution in distilled water. Cholesterol (Sigma, St. Louis, MO, USA) was prepared as 10 mg/ml stock solution in 100% ethanol. Ganglioside GM-1 (Avanti Polar Lipids, Inc., Alabaster, AL, USA) was prepared as 5 mg/ml stock solution in 50% ethanol. L-a-Phosphatidylcholine (Sigma, St. Louis, MO) was prepared as 20 mg/ml stock solution in chloroform. Sphingomyelin (Sigma, St. Louis, MO, USA) was prepared as 20 mg/ml stock solution in 100% ethanol. Akt inhibitor III, Akt inhibitor X, Akt inhibitor 1/2 (Calbiochem/ Merck, Darmstadt, Germany) were prepared in dimethyl sulfoxide as 10 mM stock solutions.
C. elegans NGM plate preparation 1000 ml of Nematode Growth Medium (NGM) were prepared by mixing 3 g NaCl, 17 g agar, and 2.5 g peptone and then adding 975 ml of distilled water. This solution was autoclaved and allowed to cool in a water bath at 55 C. At this point, 1 ml 1 M CaCl 2 , 1 ml 5 mg/ml cholesterol in ethanol, 1 ml 1 M MgSO 4 , and 25 ml 1 M KPO 4 buffer were added. The molten NGM agar was dispensed into medium size plates (60 mm diameter).
C. elegans strains and maintenance Worms were maintained and handled as previously described. 59 Unless otherwise stated, all the drugs and reagents tested in C. elegans were added to the molten NGM agar and cast into culture plates. Hardened agar was seeded with Escherichia coli (OP50). All C. elegans experiments were conducted at 20 C.
C. elegans growth assay Different concentrations of edelfosine were added to the NGM agar. Hardened agar was seeded with Escherichia coli (OP50). Synchonized arrested L1 larvae were placed into seeded NGM plates and worms were photographed at low magnification every 20 hours. Animals were measured for growth using the freehand line tool of the image analysis program ImageJ. The length of 14-69 individual animals was averaged for each measurement.
C. elegans development assay C. elegans embryos were isolated following standard bleaching protocol using a 1:2 solution of 5 M NaOH:commercial bleach (5% solution of sodium hypochlorite). 59 Embryos were allowed to hatch overnight at 20 C in NGM plates without bacterial food. Arrested L1 larvae (around 50 L1 larvae/plate) were transferred to E. coli (OP50) seeded NGM plates with or without edelfosine. After 2.7 d of development at 20 C, worms were examined and the percentage of adults was determined. Adults were recognized by the appearance of a mature vulva and by the presence of eggs in the gonad.
C. elegans progeny determination
Total progeny number was determined by counting the cumulative number of progeny from 5 single hermaphrodites before they reach adulthood, on a daily basis during 4 d at 20 C, point at which hermaphrodites exhausted their sperm and started laying unfertilized oocytes.
C. elegans lifespan assay Synchronized L4 larvae were transferred to E. coli (OP50) seeded NGM plates with or without drug supplementation. Worms were transferred to fresh plates (to avoid progeny contamination) and scored for dead individuals every other day. To determine whether a worm was dead, we prodded the head of the worm using a platinum wire. Worms that did not respond to prodding were considered dead. Lifespan analyses were conducted at 20 C. Age refers to days following adulthood, and P values were calculated using the log-rank (Mantel-Cox) method. Individuals were excluded from the analysis when their gonad was extruded, or when they desiccated by crawling onto the edge of the housing plate.
C. elegans larval viability assay L1 larvae were maintained in non-nutritive M9 buffer with or without different concentrations of edelfosine and assessed for viability 5 d after hatching. To determine viability, sequential images of the culture wells containing the worms were captured with a CCD camera 10 seconds apart, and any animal that moved between frames was scored as live. Animals that were motionless between frames were scored as dead. The assay was conducted at 20 C.
C. elegans embryonic lethality assay Synchronized worms (larvae or adults, depending on the experiment) were transferred to E. coli (OP50) seeded NGM plates, which had been supplemented with the respective ATL. Worms were allowed to lay embryos on the plate for 16-24 hours (in the case of some mutant strains that develop slowly and/or lay embryos at a slower pace, this time was extended up to 48 hours). At this point worms were eliminated from the plates and embryos were allowed to complete embryogenesis and hatch into larvae. In the " ex-utero" embryonic lethality assay, synchronized gravid adult hermaphrodites were allowed to lay embryos for 30 minutes, then 30-50 embryos were transferred to triplicate NGM plates with or without edelfosine. The percentage of embryonic lethality upon ATL treatment was calculated as the percentage of embryos unable to hatch into larvae.
C. elegans 4D Microscopy
Embryos for 4-dimensional microscopy analysis were mounted on a Leica DM6000 microscope equipped with DIC optics as described. 60 The 4D microscopy analyses were carried out by recording 30 focal planes of the embryos for 17 hours. As a result, 4-dimensional (4D) movies (3D of the embryo C time) were obtained for each experiment. The SIMI Biocell software (SIMI GmbH) allowed tracing of the cell lineage of the embryos in time and space as well as tracing of the mitoses and apoptoses, as described. 61 
Cell culture
The human mantle cell lymphoma (MCL) cell line Z-138 was grown in RPMI-1640 culture medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/ ml of penicillin and 100 mg/ml streptomycin at 37 C in humidified 95% air and 5% CO 2 .
Cellular cholesterol depletion
For cholesterol depletion, 7 £ 10 5 cells were washed in serum free medium 3 times, pretreated with 1 mg/ml or 2.5 mg/ml methyl-b-cyclodextrin for 30 minutes at 37 C in serum-free medium as previously described. 62 Cells were then washed 3 times with PBS and resuspended in complete culture medium before edelfosine addition.
Western blot Cells (4-5 £ 10 6 ) were lysed with 60 ml lysis buffer (200 mM HEPES, pH 7.5, 10 mM EGTA, 40 mM b-glycerophosphate, 1% (v/v) NP-40, 25 mM MgCl 2 , 2 mM sodium orthovanadate, 1 mM DTT) supplemented with protease inhibitors (1 mM phenylmethanesulfonyl fluoride, 20 mg/ml aprotinin and 20 mg/ml leupeptin). Proteins (40 mg) were run on SDSpolyacrylamide gels under reducing conditions, transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA), blocked with 5% (w/v) defatted milk powder in TBST (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% (v/v) Tween 20) for 1 h at room temperature, and incubated for 1 h at room temperature or overnight at 4 C with specific antibodies: anti-60 kDa Ser473 p-Akt; (Cell Signaling; 1:1000 dilution in TBST with 5% BSA) and anti-60 kDa Akt1/2/3 (Santa Cruz Biotechnology; 1:1000 in TBST with 5% BSA). Antibody reactivity was monitored with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG, using an enhanced chemiluminescence detection kit (GE Healthcare, Little Chalfont, UK).
Apoptosis assay
Quantification of apoptotic cells was calculated by flow cytometry as the percentage of cells in the sub-G 0 /G 1 region (hypodiploidy) in cell cycle analysis, as previously described. 63 Cytofluorimetric analysis of mitochondrial transmembrane potential and generation of reactive oxygen species
To evaluate mitochondrial transmembrane potential (DC m ) disruption and the generation of reactive oxygen species, cells (10 6 /ml) were incubated in phosphate-buffered saline (PBS) with 20 nM 3,3 0 -dihexyloxacarbocyanine iodide [DiOC 6 (3)] (green fluorescence) (Molecular Probes, Leiden, The Netherlands) and 2 mM dihydroethidine (red fluorescence after oxidation) (Sigma, St Louis, MO, USA) for 40 min at 37 C, followed by analysis on a FACSCalibur flow cytometer, as previously described. 63 
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